Abstract. Understanding arthropod responses to forest edges is essential to understanding both the characteristics of agro-ecosystems and the potential ecosystem services provided by forests adjacent to farmland in heterogeneous agricultural landscapes. Seasonal difference in the responses of carabid beetles to forest edges was determined using transects that extended from the edge of the forest 22.5 m into the interior of a forest and 22.5 m into the meadow in three seasons, early summer, late summer and mid-autumn. The responses of carabids to the forest edge in terms of species richness and abundance differed significantly in the three seasons. The species richness and abundance peaked in the meadow 4.5 m from the edge and were low in the forest in summer, whereas they peaked at the edge and remained high in the forest in autumn. Species-level analyses revealed that several species did not move between habitats, indicating that the forest edge acted as a barrier for these species. Many species, however, peaked in the meadow near the edge and the distribution of one species along the meadow-forest transect changed with the seasons. Our results indicate that secondary forests are not an effective sources of predators of pests, but do function as overwintering sites for some species. Because many species that prefer open land hibernate in field boundaries and fallow fields, the quality and spatial configuration of these habitats is important. Furthermore, in terms of pest management the seasonal dynamics of not only carabid beetles but other beneficial arthropods such as spiders and parasitoids should be considered.
INTRODUCTION
Landscape heterogeneity is a key feature determining biodiversity in agricultural landscapes (Weibull et al., 2000; Kato, 2001; Benton et al., 2003) . Secondary forests and farmlands are often dominant and complicatedly arranged in a mosaic manner in agricultural landscapes in East Asia (Kato, 2001; Kim et al., 2006) and Europe (Bergman et al., 2004; Falcucci et al., 2007) . In this landscape there are a large number of boundaries between secondary forests and farmland, which are referred to as "forest edges". Seminatural vegetation, such as secondary forest and grassland, is currently recognized as a source of agents of pollination and predators of pests, such as insect pollinators, predatory arthropods, and parasitoids (Thies et al., 1999; Kremen et al., 2002 Kremen et al., , 2004 . Therefore, information on the responses of arthropods to forest edges is essential not only for understanding the characteristics of agro-ecosystems (Rand et al., 2006; van Halder et al., 2011) but also for evaluating the ecosystem services that forest ecosystems may provide adjacent farmland in such heterogeneous agricultural landscapes.
Forest edges differ from forest interiors and adjacent open land in terms of temperature, humidity, light conditions and vegetation structure (Matlack, 1993; Murcia, 1995) and the responses of arthropods to forest edges are explained in terms of the distribution of resources (Ries & Sisk, 2004; Ries et al., 2004) . The gradient or contrast in these environmental conditions across a forest edge, however, differs between seasons . For example, the gradient in air temperature and humidity across a forest-pasture edge is steeper in summer than winter (Young & Mitchell, 1994) . Given the expected seasonal changes in environmental conditions and distributions of resources across a forest edge, arthropod responses to forest edges may differ between seasons. However, most studies of arthropods' responses to forest edges have used pooled data from different seasons, and seasonal differences in arthropods' responses to edges are poorly studied (French et al., 2001; Barbosa & Marquet, 2002) . Therefore, to understand ecological interactions between adjacent habitats, seasonal changes in the responses to forest edges should be investigated at species and community levels.
We determined the responses of carabid beetles to a forest edge in three seasons. Carabid beetles play important roles in many ecosystems as generalist predators and seed predators, and are often very abundant in various types of vegetation (Lövei & Sunderland, 1996; Kromp, 1999) . These characteristics make them potentially important agents of pest and weed control in agro-ecosystems (Lövei & Sunderland, 1996; Honek et a., 2007; Ichihara et al., 2011; Yamashita, 2011) , but a number of species are pests that damage crops such as radish (Mizukoshi, 2000) . Furthermore, because they are easily collected using pitfall
MATERIAL AND METHODS

Study site
The study site is located in the northeast of the Kuninaka Plain at an altitude of 15 m on Sado Island in temperate Japan (38°03´N, 138°26´E) and is composed of a mosaic landscape of secondary deciduous oak forests, plantations of Japanese cedar Cryptomeria japonica, paddy fields and hay meadows where seed of orchard grass Dactylis glomerata and Italian ryegrass Lolium multiflorum is sown every three to four years and chemical fertilizer and cow urine applied twice and once a year, respectively. Within this landscape, one 15 m × 50 m quadrat was established, which stretched for 25 m in both directions from the edge of a forest into the interior of both the forest and a meadow. The edge was high-contrast ( Fig. 1) , which is common in agricultural landscapes (Roume et al., 2011) , and south-southeast facing. The forest edge was here defined as a growing frontier of shruby trees, with branches of canopy trees extending 4-5 m into the meadow (Fig. 1) . The canopy of the forest was dominated by Quercus serrata, Prunus jamasakura and planted Japanese cedar (< 6 m), with a canopy height of 14 m. Management, such as coppicing and maintenance of the Japanese cedar, seemed to have ceased approximately 20-30 years previously. The meadow was mown three times a year (mid-June, mid-August and mid-October) to a height of 10-cm when the vegetation reached approximately 70 cm and the hay collected and fed to cows. The meadow was dominated by Echinochloa crus-galli, Rumex japonicas, Digitaria traps, the spatial distribution and activity density of beetles can be determined using a spatial arrangement of traps suited to the desired research aims.
In this study, we determined the response of carabid beetles to forest edges and whether their responses varied between seasons at a fine scale in a temperate farmlandforest mosaic agricultural landscape. Some insects such as butterflies change their micro-distribution seasonally for purposes of thermoregulation. For example, forest butterflies move into the warm and sunny edges of forests in cool seasons (Ide, 2002) , whereas species preferring open land move into cool and shady areas in hot summer (Ohsaki, 1986) . The activity of carabid beetles also changes with temperature (Honek, 1997) . Therefore, we hypothesized that richness and abundance of carabid beetles would peak in the edges of forests in hot summer due to the movement of species preferring open land into the forest to avoid high temperatures, whereas they would peak in the edges of open land due to the movement of forest species or edge species into the open land in early summer and autumn, when temperatures are moderate. Furthermore, we performed species-level analyses to determine how species that prefer forest, edge or open land co-exist in a mosaic landscape. ciliaris, and Trifolium repens with a 50% ground cover, although the meadow edge (0-2 m from the edge) seemed to be mown less frequently, resulting in tall (70-100 cm), species-rich vegetation with 100% ground cover.
Beetle sampling and classification
To determine the edge responses of carabid beetles, five transects, stretching from 22.5 m in the interior of the meadow through the edge to 22.5 m in the interior of the secondary forest, were established at 3 m intervals within the 15 m × 50 m quadrat (Fig. 1) . Pitfall traps (600 mL plastic bottles, internal diameter 9 cm, height 12 cm) were placed every 3 m along each transect (16 traps per transect, Fig. 1 ). To collect beetles, unbaited traps were set for 48 h without preservative in three seasons, early summer (9-11 June, 2011), late summer (20-22 August, 2012) and midautumn (27-29 October, 2011) . The mean daily air temperature on the seven consecutive days before the day of collection was 19.6°C in early summer, 27.3°C in late summer and 14.8°C in mid-autumn. Because transects were removed and newly established each season, the traps were not placed exactly in the same places every season (i.e., transects might be moved several meters from side to side from season to season).
Carabid beetles collected were identified to species and were classified into carnivores or granivores according to their feeding habit, based on Ishitani (1996) . Because the feeding habits of Oxycentrus argutoroides (two individuals) are unknown, it was not assigned to feeding habit group. Among the carabid beetles tAble 1. A list of carabid beetles caught in the pitfall traps along with their feeding habits and the number caught. C -carnivore, G -granivore, U -unknown, F -the number caught in the forest, M -the number caught in the meadow.
Species
Feeding habit (Mizukoshi, 2000) . Carabid beetle nomenclature followed Ueno et al. (1985) . The species collected are listed along with the number caught each season and their feeding habits in Table 1 .
Vegetation and soil surveys
Vegetation was surveyed within the 15 m × 50 m quadrat from 25 September to 2 October 2013. As mentioned above, because the traps were not set in the same places in each of the seasons, vegetation and soil surveys were not performed at each trapping point. Instead, these measurements were intended to reflect any general trend in environmental conditions across the forest edge. Vegetation surveys were performed by dividing the quadrat into thirty 5 m × 5 m subquadrats. In the 15 forest subquadrats, all tree stems ≥2 cm in diameter at breast height (DBH) were identified to species and their DBH and height were measured. These stems were classified into shrub (≤ 6 m in height) or canopy (> 6 m) layers. In the meadow subquadrats (5-25 m), five 1 m × 1 m grids were randomly placed in each subquadrat and species were identified and height and vegetation cover were measured in each grid. In the three meadow edge subquadrats (0-5 m), two grids were placed within 2 m of the edge and the other three between 2-5 m from the edge because the vegetation within 2 m of the edge seemed to be mown less frequently and apparently different from that in the other parts of the meadow. In the forest subquadrats (containing five distance classes), the abundance of each species of tree was expressed as the number of stems in each subquadrat, whereas in the meadow subquadrats (containing six distance classes because of the separation of 0-2 m and 2-5 m), the abundance of each species of plant was expressed as the proportion of grids in which it was present. The values for height and vegetation cover measured in 1 m × 1 m grids were averaged for each subquadrat.
Soil samples were collected at the same 16 distance classes as pitfall traps on three lines (5 m apart) within the quadrat, using a 100-mL cylinder with both an internal diameter and a depth of 5 cm. All soil samples were collected on 25 September 2013 and dried at 105°C for 24 h on the same day. Soil moisture was measured as a proportion (wet weight -dry weight) / (wet weight).
Data analyses
The relationships between soil moisture and plant species composition, and the distance from the edge, were determined using Pearson's correlation. These relationships were analyzed for the forest and meadow separately because the surveys and the compositions of the vegetation were not similar in the forest and meadow subquadrats. Because the number of soil moisture samples in each subquadrat was either one or two (e.g., for the subquadrats 10-15 m from the edge it was two and for those 5-10 m from the edge it was one; Fig. 1 ), soil moisture in a subquadrat with two soil samples was the mean of the two values. Plant species composition (trees in the forest and herbaceous plants/ grasses in the meadow) was expressed as scores along the first axis of a Principal Coordinate Analysis (PCoA) based on BrayCurtis similarity matrix using the "vegan" package (Oksanen et al., 2012) .
The responses of beetles to the distance from the edge and seasonal differences were analyzed using generalized additive models (GAMs) by using the "mgcv" package (Wood, 2011) in R ver. 2.15. We chose GAMs instead of GLMs because the responses of the beetles recorded along the forest-meadow transect were nonlinear. A thin plate regression spline and generalized cross validation (GCV) were used to estimate the optimal amount of smoothing for the beetle responses (Zuur et al., 2009 ). For species richness, total abundance and abundance of carnivorous species, present in more than 20 traps in each season, per-trap species richness or abundance in each season were used as a response variable and the distance from the edge, season and their interac- tion were used as explanatory variables. For the abundance of granivorous species and three species (Pterostichus microcephalus, Pterostichus planicollis and Chlaenius pallipes) that did not meet the above prerequisite despite being collected at more than four distance classes with > 10 individuals in two or three seasons, the per-distance abundance (pooled abundance of the five traps in the same distance class) in each season was used as the response variable and distance from the edge, season and its interaction as explanatory variables. The significance of the interaction between the distance from the edge and season was tested by comparing the two models with and without the interaction using an F-test (Table 2) . The splines and their significance and effective degrees of freedom (shown in Figs 4-5) were calculated separately for each season because significant interaction was detected in most cases (Table 2 ). For eight species (Pterostichus yoritomus, Pterostichus sulcitarsis, Dolichus halensis, Synuchus nitidus, Amara chalcites, Harpalus sinicus, Chlaenius micans, Pheropsophus jessoensis) that were present at more than four distances with >10 individuals and the results for all seasons were pooled or that mainly occurred only in one season, the relations between pooled abundance over all seasons and the distance from the edge were analyzed using GAMs, and significance and effective degrees of freedom for the splines were calculated for each species. In all GAMs, abundances were square-root transformed.
The species composition of the beetles caught in each trap was also analyzed using a PCoA based on Bray-Curtis similarity matrix for each season separately using the "vegan" package (Oksanen et al., 2012) . The traps without beetles were omitted from the analyses.
RESULTS
Forest vegetation was slightly affected by the distance from the edge (Fig. 2a) , whereas meadow vegetation changed continuously from the edge to 10 m into the interior associated with changes in soil moisture, whereas the vegetation in the interior of the dry meadow (10-25 m, Fig.  3 ) was quite similar (Fig. 2b) . In the forest, there were only marginal correlations between stem density of the canopy layer and distance from the edge (r = 0.476, P = 0.073, n = 15), and between stem density of the shrub layer and soil moisture (r = -0.495, P = 0.060, n = 15). Tree species composition was not correlated with the distance from the edge (r = -0.007, P = 0.979, n = 15), but was marginally correlated with soil moisture (r = -0.497, P = 0.059, n = 15). In the meadow, vegetation cover was not correlated with the distance from the edge or soil moisture (r < 0.328, P > 0.184, n = 18, respectively), whereas plant species composition was highly correlated with the distance from the edge (r = -0.912, P < 0.001, n = 18) and soil moisture (r = -0.860, P = 0.001, n = 18). Soil moisture increased toward the edge of the meadow (r = 0.808, P < 0.001, n = 24) with a sharp increase at 7.5 m from the edge, whereas although very variable it gradually increased toward the interior of the forest (r = 0.544, P = 0.006, n = 24) (Fig. 3) .
In total, 448 individuals belonging to 34 species were collected, comprising 208 individuals belonging to 21 species in early summer (early June), 150 individuals be- longing to 15 species in late summer (late August) and 90 individuals belonging to 22 species in mid-autumn (late October). Bray-Curtis similarities among seasons indicated that the beetle communities in early and late summer were similar (0.477), but that in mid-autumn differed from those in early summer (0.285) and late summer (0.269).
There were similar patterns in species richness, total abundance and abundance of carnivores recorded at different distances from the edge. In early and late summer, they peaked at 4.5 m into the meadow from the edge. However, species richness and abundance showed a steeper decrease across the edge in late summer (Fig. 4b, e, h ) than in early summer (Fig. 4a, d, g ) and remained at a low level in the forest interior in late summer. In mid-autumn, species richness and abundance increased starting in the meadow 10 m from the edge, peaked at the edge and was relatively constant in the forest (Fig. 4c, f, i) . The interaction term between distance and season was significant for all of these cases (Table 2) ; i.e., the responses of species richness and abundances to the distance from the edge were significantly different among the seasons. In contrast, the abundance of granivores showed different responses. The abundance of granivores was high in the interior of the meadow in early summer, peaked 7.5 m into the meadow from the edge in late summer and was constant in mid-autumn (Fig. 5a-c) . The interaction term was also significant (Table 2) .
Seasonal differences in the responses to the edge were only determined for three species. The abundance of Pt. microcephalus was relatively high in the forest in early summer and mid-autumn, whereas it peaked in the meadow, just near the edge, in late summer (Fig. 5d-f) . Although inclusion of the interaction term improved the model, the significance of the interaction was weak ( Table  2 ). The distribution of Pt. planicollis was similar in early and late summer, with the peak in the meadow 4-8 m from the edge and no individuals in the forest (Fig. 5g-h ). Inclusion of the interaction term slightly improved the model, and significance of the interaction was weak ( Table 2 ). The distribution of C. pallipes was also similar in early and late summer, with the peak at 3-4 m into the meadow from the edge, and no individuals were caught more than 5 m into the interior of the forest (Fig. 5i-j) . Inclusion of the interaction term did not improve the model and the interaction was not significant (Table 2) . Of the eight species occurring in more than four distance classes with > 10 individuals over all seasons, significant splines were obtained for five species. The distributions of six species clearly changed across the edge, with no individuals in either habitat (Fig.  6a, b, c, d, e, g ).
The species compositions of the carabid beetles were largely separated between forest and meadow in all seasons (Fig. 7) . However, this separation was less clear in mid-autumn (Fig. 7c) , and species composition of the trap catches around the edge tended to be similar to those recorded in other habitats in early and late summer (Fig. 7a, b) .
DISCUSSION
This study clearly showed that distributions of species richness and abundance of ground beetles along a forestmeadow transect differed between seasons. The reasons for the seasonal differences were (1) species occurring in two or more seasons, e.g., Pt. microcephalus, responded to the forest edge differently in different seasons, and (2) species responding differently to the forest edge are active in different seasons and consequently, species richness and abundance at the forest edge differed in different seasons; e.g., two species with different edge responses, Am. chalcites and H. sinicus, are active at different times of year (the former in early summer and latter mainly in the late summer). Contrary to our expectation that species richness and abundance of carabid beetles would peak in the forest near the edge in hot late summer and in the meadow near the edge in early summer and mid-autumn, both peaked in the meadow near the edge (with the peak at 4.5 m into the meadow from the edge) with a low values for both these parameters in the forest in late summer, whereas they peaked at the edge in mid-autumn (Fig. 4a-f ). This indicates that species preferring open land did not move into the forest in summer and that forest species did not move into the meadow in mid-autumn. Species-level analyses showed that none of the three species that were captured in two or three seasons moved into the forest more frequently in late summer than early summer and autumn (Fig. 4d-j) , but that more individuals of Pt. microcephalus and C. pallipes stayed in the meadow in late summer than in the cooler seasons. They can avoid high temperatures in the meadow during the day in summer because most carabid species are nocturnal (Kegel, 1990; Lövei & Sunderland, 1996) and stay in the soil during the day. The increase in the numbers of Pt. microcephalus and H. sinicus caught in the forest from late summer to mid-autumn (Figs 5d-f, 6f , Table 1) indicates they hibernate in the forest. Some carabids are known to hibernate in secondary forests and other wooded vegetation, such as hedges (Sutherton, 1985; Lövei & Sunderland, 1996) . It should be noted that if the samples collected in different seasons are pooled, they might be regarded as generalist species. However, the seasonal changes in micro-distribution near the edge indicate that they were not generalists but require both forest and open land.
Furthermore, species-level analyses detected the presence of species preferring the meadow near the edge (Figs 5, 6), as well as species occurring either in the forest (e.g., Pt. yoritomus and S. nitidus) or the meadow (e.g., Pt. planicollis and Am. chalcites). The species occurring only in the forest or meadow did not cross the edge into the other habitat, suggesting that the forest edge acted as a barrier for these species. In addition, there can be several reasons why many species prefered the meadow near the edge. First, near the edge (1.5-7.5 m into the meadow from the edge) the soil in the meadow was moister and the ground softer than in the interior of the meadow (Fig. 3 ) and therefore these species might merely prefer a humid open environment with soft soil. Second, some species might prefer open land in riparian areas, where various types of vegetation, such as riparian forests, areas of shrubs and grassland, are naturally arranged in a mosaic manner in relation to the differences in geomorphic surface and disturbance (Nakamura et al., 2007) . Because open land usually adjoin forests or shruby areas in riparian areas, forest edges in agricultural landscapes may provide a similar habitat for these species. Among the carabid beetles collected, Archipatrobus flavipes and C. pallipes are regarded as species inhabiting riparian open vegetation (Ishitani, 1996) . Finally, as several studies have shown (Magura et al., 2001; Magura, 2002; Lövei et al., 2006) , there are some edge species. Kagawa & Maeto (2009) report that the higher prey abundance around the edges than in the interior of forests results in the higher abundance of the large carabid species, Carabus yaconius Bates, at the edges of forests. Further studies of beetle distributions along forest-open land transects that vary little in soil moisture and in other types of vegetation, such as ri- parian areas, are needed in order to reveal the habitat preferences or original habitats of these species. As indicated in other studies (Kotze & Samways, 1999; Magura, 2002; Lövei et al., 2006; Ewers & Didham, 2008; Roume et al., 2011) , however, a mixture of species with different habitat requirements enhanced the species richness and abundance of ground beetle around the edge of the forest.
Semi-natural vegetation such as grassland and secondary forest are important sources of crop pollinators (Kremen et al., 2002; Chacoff & Aizen, 2006 , Taki et al., 2010 and pest control agents (Marino & Landis, 1996; Thies & Tscharntke, 1999; Landis et al., 2000) . Because the open vegetation studied was not a crop but a fertilized meadow, our results may not be relevant to whether pests are controlled by predators that come from adjacent forests. However, this study indicates that secondary forests can provide important hibernation sites for some species. Roume et al. (2011) point out that the extent of the movement of forest species into various crops and grassland is very variable ranging from a few meters to a few dozens of meters even at high-contrast edges, and conclude that this variability may be attributed to the heterogeneity of the vegetation and differences in the management of open habitats. In addition, in areas where it is unlikely pests are controlled by forest or edge species it is possible that pests are controlled mainly by species preferring open land. Because most species preferring open land hibernate in fallow fields and field boundaries (Sutherton, 1985; Yamazaki et al., 2003; Frank & Reichhart, 2004; MacLeod et al., 2004) , the management of fields and field boundaries, as well as the spatial arrangement of secondary forests, is important if one wishes to increase the abundance of carnivorous and granivorous beetles. Yamazaki et al. (2003) records a decrease in populations of overwintering beneficial beetles with vegetation succession in 0.5-to 3-year-old fallow vegetable fields in Japan, whereas Frank & Reichhart (2004) record the opposite trend in wheat fields and 1-to 3-year-old fallow fields in Switzerland, indicating the need for surveys in regions with different environmental and climatic conditions. Further studies are needed on the distances predatory forest or edge species move into various types of crops so that pest and weed control in agricultural landscapes can be enhanced. It is also important not only to determine the contribution of carabids to controlling pests and weeds but also that of other beneficial arthropods, such as spiders and parasitoids and their seasonal occurrence in crops and other vegetation in agricultural landscapes.
